The replication of hepatitis B virus (HBV) can be regulated by a variety of factors, including hormones, growth factors, and cytokines. However, the molecular mechanisms of these regulations are largely unknown. Ras is a small GTPase that responds to many of these external stimuli. In this study, we investigated the possible effect of Ras on the replication of HBV. Our results indicated that activated Ras could suppress the replication of HBV in both Huh7 and HepG2 cells. This suppression was independent of the X protein and most likely occurred at the transcriptional level. Deletion-mapping analysis of the HBV core promoter and its upstream ENI and ENII enhancers revealed multiple elements responsive to activated Ras. This suppression of HBV replication by activated Ras was apparently mediated by the mitogen-activated protein (MAP) kinase pathway, as it was accompanied by activation of ERK1/2 and abolished by the MEK1/2 inhibitor U0126. Our results thus indicate that external stimuli may suppress HBV replication through the Ras-MAP kinase pathway.
Hepatitis B virus (HBV) is a small DNA virus with a high liver tropism (for a review, see reference 11). This virus contains a 3.2-kb circular, partially double-stranded DNA genome. Upon infection of hepatocytes, this genomic DNA is transported into the nucleus, where it is repaired to form a covalently closed circular DNA (cccDNA) molecule. This cccDNA then serves as the template for the transcription of HBV RNAs. The HBV genome contains four promoters named the pre-S1, S, core, and X promoters, which direct transcription of the pre-S1 protein mRNA and the pre-S2 protein, the major S protein mRNAs, the precore protein and the core protein mRNAs, and the X protein mRNA, respectively. Pre-S1, pre-S2, and major S proteins, which are collectively called surface antigens, are the viral envelope proteins. The precore protein is the precursor of the e antigen found in the serum of HBV patients, and the core protein is the viral capsid protein. The X protein is a transcriptional transactivator that can regulate cellular signaling pathways and modify the DNA binding activities of transcription factors (37) . The core protein mRNA also encodes the viral DNA polymerase, which is also a reverse transcriptase. In addition to these four promoters, the HBV genome also contains two enhancer elements, termed ENI and ENII. Both enhancers display liverspecific activities and are recognized by liver-enriched transcription factors. ENII is located in the upstream regulatory region of the core promoter and is also known as the core upstream regulatory sequence (38) .
After its translation, the core protein packages its own mRNA as well as the viral polymerase to form the core particle. The core mRNA, which is also known as the pregenomic RNA, is then reverse transcribed to form the circular, partially double-stranded HBV DNA genome. The core particle then interacts with the surface antigens on the membrane of the endoplasmic reticulum to form the progeny virions, which are then secreted from the infected cell (11) .
The replication of HBV can be affected by a variety of factors, including hormones, growth factors, and cytokines. For example, glucagon interferes with the replication of the related duck HBV (14) ; transforming growth factor beta suppresses the replication of duck HBV; epidermal growth factor, transforming growth factor alpha, and hepatocyte growth factor stimulate the accumulation of duck HBV cccDNA in the nuclei of infected cells (5); and interferons, tumor necrosis factor alpha, and insulin suppress the replication of HBV (12, 30) . In addition, the cell cycle has also been shown to affect HBV replication: the replication of HBV is enhanced in cells arrested in the G 1 or G 2 phase and suppressed if cells enter the S phase (29) , and cccDNA accumulation appears to increase in the G 1 phase (36) . In spite of these observations, the molecular mechanisms by which external factors or the cell cycle affects HBV replication remain largely unknown.
Ras is a small GTP-binding protein in the cell that can be activated by many external stimuli, including epidermal growth factor and insulin (15, 27) . The activated form of Ras, which binds to GTP, can associate with a number of downstream effectors to exert its biological effects. Among these effectors, the Raf-MEK-ERK pathway is the best characterized (31) . Raf is the mitogen-activated protein (MAP) kinase kinase kinase. After its activation by Ras, it will phosphorylate and activate MAP kinase kinases (MEKs), which will in turn phosphorylate MAP kinase or extracellular signal-regulated kinases (ERKs). Once activated, ERKs can translocate into the nucleus, where they will regulate the activities of transcription factors such as AP-1 (31) . The HBV X protein has been shown to activate this Ras-MEK-ERK signaling cascade (2) . Ras becomes inactivated when its associated GTP is converted to GDP.
As Ras is an important signaling molecule activated by many external stimuli, we investigated its possible effects on the replication of HBV. Our results demonstrate that activated Ras can suppress the replication of HBV through the MAP kinase pathway. This suppression by Ras apparently occurs at the transcription level and involves multiple regions of the HBV genome. It is also independent of the HBV X protein.
These results provide a mechanism to explain how external factors may regulate HBV replication.
MATERIALS AND METHODS
DNA plasmids. The plasmids pCMV-Ras V12 and pCMV-Ras
A15
, which express constitutively active Ras and dominant negative Ras, respectively, with the immediate-early promoter of cytomegalovirus have been described previously (34) . The HBV plasmid pWTD, which contains the head-to-tail dimer of the HBV genome joined at the unique EcoRI site, has also been described (22) . pWTDX Ϫ is identical to pWTD except that a missense mutation has been introduced to abolish the initiation codon of the X protein and a premature termination codon has been introduced into the X protein coding sequence. These two mutations, which prevented the expression of the 16.5-kDa X protein (24, 35) , do not affect the overlapping polymerase coding sequence. Plasmid pCpCAT contains the HBV sequence from nucleotides 953 to 1803. This sequence, which contains the ENI enhancer, the ENII enhancer, and the entire core promoter, was linked to the chloramphenicol acetyltransferase (CAT) reporter. pUCAT1, pUCAT2, pUCAT4, pUCAT7, pUCAT8, and pUCAT9 contain nucleotides 1403 to 1803, 1455 to 1803, 1476 to 1803, 1646 to 1803, 1688 to 1803, and 1703 to 1803, respectively, of the HBV sequence. Similarly, these HBV sequences were linked to the CAT reporter in these DNA constructs. The constructions of all of these CAT reporter constructs have been described previously (9, 13) .
Transfection of cells. Huh7 cells and HepG2 cells were maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. These cells were transfected by the calcium phosphate precipitation method (26) . In general, Huh7 cells were transfected for 16 h when they were 80% confluent, and HepG2 cells were transfected for 20 to 24 h when they were 40% confluent. pXGH5, a plasmid that expresses the human growth hormone (hGH) under the control of the metallothionine promoter, was often used for cotransfection to serve as an internal control and to monitor the transfection efficiency. The inclusion or absence of pXGH5 had no effect on the experimental results. Forty-eight hours after transfection, the incubation medium was harvested and analyzed for hGH activity with a commercial radioimmunoassay kit (Nichols Diagnostics), and the cells were lysed for either the CAT assay or DNA or RNA analysis. The CAT assay was conducted with our previous procedures (8) , and CAT activities were normalized against the hGH transfection control. At least three independent transfection experiments were conducted for analysis of CAT activities.
Northern blot and Southern blot analyses. Cells were rinsed with ice-cold phosphate-buffered saline and scraped off the plate into 1 ml of Trizole (Invitrogen). Total cellular RNA was extracted following the manufacturer's protocol. The RNA was then subjected to Northern blotting and analyzed with 32 P-labeled HBV DNA and hGH cDNA probes. For Southern blot analysis, cells were lysed in 0.5 ml of TBS (10 mM Tris-HCl [pH 7.0], 150 mM NaCl) containing 0.5% Nonidet P40 (NP-40). After a brief centrifugation to remove the nuclei, CaCl 2 and MgCl 2 were added to the supernatant to a final concentration of 4 mM each. The supernatant was then treated with 5 g of DNase I and 16 U of micrococcal nuclease (Amersham Biosciences) at 37°C for 1 h to remove the viral DNA that was not associated with the core particles. The reaction was stopped by the addition of 40 l of 0.5 M EDTA, 25 l of 10% sodium dodecyl sulfate, 25 l of 5 M NaCl, 5 l of 1 M Tris-HCl, pH 8.0, and 27 g of proteinase K. After incubation at 65°C overnight, viral DNA was isolated by phenol extraction and ethanol precipitated. The DNA pellet was rinsed with 70% ethanol and resuspended in 20 l of TE (10 mM Tris-HCl [pH 7.0], 1 mM EDTA) for Southern blot analysis with a 32 P-labeled HBV DNA probe.
Western blot analysis of ERK1/2. U0126 (Promega), the specific inhibitor for MEK1/2, was freshly dissolved in dimethyl sulfoxide (DMSO) before use. Huh7 cells were transfected with the HBV genome and pCMV-Ras V12 or its parental vector pCDNA3 (Invitrogen). Thirty-two hours after transfection, cells were treated with U0126 or its control solvent DMSO for 16 h. Cells were then rinsed with phosphate-buffered saline, scraped off the plate into TBS containing 0.5% NP-40, and sonicated. Cell lysates were then subjected to Western blot analysis with anti-ERK1/2 or anti-activated ERK1/2 antibody (Promega).
RESULTS

Effects of Ras on HBV replication in the presence and absence of X protein.
To investigate the possible effects of Ras on HBV replication, we cotransfected a head-to-tail dimer of the HBV genome with a plasmid that expressed either a constitutively active Ras (Ras V12 ) or a dominant negative Ras (Ras A15 ) into Huh7 cells, a well-differentiated human hepatoma cell line. Ras V12 contains a glycine-to-valine substitution at amino acid 12. This substitution inhibits GTP hydrolysis and allows Ras V12 to remain active. By contrast, Ras A15 contains an alanine mutation at amino acid 15, binds to GDP, and suppresses Ras activity (7, 33) . Two days after transfection, the replicated HBV DNA was isolated and analyzed by Southern blotting. As shown in Fig. 1A , an HBV DNA band of approximately 3.2 kb and a smear which represents the partially double-stranded HBV DNA could be detected in the gel in the absence of Ras. This result is similar to that in previous reports (1, 19, 20) . Cotransfection with Ras V12 significantly reduced the HBV DNA level, whereas cotransfection with Ras A15 had no significant effect on the replication of HBV DNA. The reduction of HBV DNA replication by Ras V12 is unlikely due to the nonspecific cytotoxic effect that might be generated by the expression of this protein, as the expression of human growth hormone (hGH) from pXGH5, a plasmid used for the cotransfection to serve as an internal control, was not affected (data not shown; also see below). These results indicated that the activated Ras could suppress HBV DNA replication.
The HBV X protein has previously been shown to activate Ras in hepatoma cells. Thus, it is conceivable that the X pro- tein may interact with Ras to regulate HBV gene expression and replication. To investigate this possibility, we used an HBV DNA genome incapable of producing only the X protein for the cotransfection studies (24) . As shown in Fig. 1A , abolishing the expression of the 16.5-kDa X protein did not affect HBV replication, nor did it affect the suppressive effect of Ras V12 and the unapparent effect of Ras A15 on HBV DNA replication. This result indicates that the X protein does not play a role in HBV replication in Huh7 cells. This is consistent with previous reports (4, 18, 23, 32) .
To ensure that the effect of Ras V12 on HBV DNA replication is not specific only to Huh7 cells, we also repeated the experiments with HepG2 cells, a well-differentiated human hepatoblastoma cell line. As shown in Fig. 1B , replication of the HBV DNA was reduced by Ras V12 to an almost undetectable level, whereas the effect of Ras A15 on HBV DNA replication was unapparent when the HBV DNA levels were normalized against the transfection efficiency (data not shown). These results indicated that the suppressive effect of Ras V12 on HBV DNA replication was not specific to Huh7 cells. We also analyzed the effect of Ras on replication of the X-negative HBV genome in HepG2 cells. As shown in Fig. 1B , abolishing the expression of the 16.5-kDa X protein reduced the replication efficiency of the HBV genome in HepG2 cells. This is consistent with previous reports (16, 32) . However, as in Huh7 cells, the X protein did not affect the suppressive activity of Ras V12 on HBV DNA replication in HepG2 cells. Dose-dependent effect of Ras on HBV DNA replication. As the activities of Ras may be affected by its expression levels inside the cell, we examined the dose effects of Ras V12 and Ras A15 on HBV DNA replication. As shown in Fig. 2A , the cotransfection of 0.1 g of Ras V12 with the HBV genome into Huh7 cells resulted in a fivefold reduction in the amount of replicated HBV DNA. This reduction was even more substantial if the amount of Ras V12 DNA was increased to 0.5 g.
Further increases in the Ras
V12 DNA amount led to a reduction of the suppressive effect. However, a sixfold reduction in HBV DNA replication efficiency was still observed when 5 g of Ras V12 was used in the cotransfection experiment. By contrast, as shown in Fig. 2B , the cotransfection of 0.1 g or 0.5 g of Ras A15 DNA with the HBV genome into Huh7 cells had no apparent effect on HBV DNA replication. Further increases in Ras A15 DNA resulted in a slight increase in the amount of replicated HBV DNA. Since Ras A15 interfered with the activity of activated Ras, this slight enhancement of HBV DNA replication by Ras A15 is consistent with a negative role of activated Ras in HBV DNA replication.
Suppression of HBV RNA transcription by activated Ras. To understand how activated Ras suppressed HBV DNA replication, we performed Northern blotting experiments to analyze the transcription of HBV RNA. As shown in Fig. 3A , coexpression of Ras V12 in Huh7 cells reduced the HBV RNA level sevenfold, whereas coexpression of Ras A15 had no apparent effect on the HBV RNA level. The effect of Ras V12 on HBV RNA was specific, as Ras V12 had little effect on the hGH RNA level expressed from the control plasmid pXGH5. These results indicated that the suppression of HBV replication by activated Ras most likely occurred at the RNA level. Similar results were obtained with the X-negative HBV genome, suggesting that the X protein has no role in HBV RNA transcription in Huh7 cells.
Multiple Ras-responsive elements in HBV genome. The results shown in Fig. 3 suggested a possible transcriptional regulation by Ras on the HBV genome. To investigate this possibility and to identify the possible Ras-responsive elements in the HBV genome, we used chloramphenicol acetyltransferase (CAT) as the reporter for the analysis. As the HBV C gene and S gene transcripts were similarly affected by Ras, we chose to focus our analysis on the core promoter and its upstream ENI and ENII enhancer elements. As shown in Fig. 4 , there was a threefold suppressive effect by Ras V12 when the core promoter as well as its upstream ENI and ENII enhancers was analyzed. This suppressive effect was reduced to slightly more than twofold when the ENI enhancer and its overlapping X promoter were deleted (pUCAT-1). Further deletion of the sequences (lanes 3 and 6) into Huh7 cells. In addition, 4 g of pXGH5 was also included in each transfection to monitor the transfection efficiency. Forty-eight hours after transfection, cells were lysed, and total cellular RNA was extracted for Northern blot analysis with both HBV DNA and hGH cDNA as probes. C and S mark the locations of HBV C gene and S gene transcripts, respectively, and hGH marks the location of the hGH RNA transcript. The RNA band that migrated slightly slower than the C gene transcripts was the 3.9-kb X gene transcript (13, 23) This RNA species was more apparent for the X-negative HBV genome.
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upstream of the core promoter resulted in a successive decrease in the suppressive effect by Ras V12 . This suppressive effect was almost completely abolished when the sequence upstream of the core promoter was deleted to nucleotide 1688 in the ENII enhancer (pUCAT-8). Interestingly, further deletion to nucleotide 1703 (pUCAT-9) resulted in a nearly twofold increase in the core promoter activity by Ras V12 . These results suggested the presence of multiple Ras V12 -responsive elements in the HBV genome.
Regulation of HBV gene expression by MAP kinase pathway. Activated Ras can activate Raf, which then activates MEK, which in turn activates ERK. To investigate whether this signaling cascade is responsible for the suppression of HBV DNA replication, we used U0126, a specific inhibitor of MEK1/2, in our studies. The HBV genome was cotransfected with the Ras V12 expression plasmid into Huh7 cells, which was then treated with the control solvent DMSO, 25 M U0126, or 50 M U0126. To ensure that U0126 could indeed properly regulate MEK1/2 activities in these experimental conditions, we analyzed its effect on ERK1/2, which are the downstream effectors of MEK1/2. As shown in Fig. 5 , Ras V12 could activate ERK1/2, which were largely inactive in the absence of Ras V12 . The activation of ERK1/2 was blocked by U0126 at either 25 M or 50 M. These results indicated that Ras V12 could activate ERK1/2 and that this activation was mediated by MEK1/2.
We then examined the effect of U0126 on the replication of HBV. As shown in Fig. 6A , in agreement with the results shown in Fig. 1, coexpression ever, in the presence of 25 M U0126, this suppressive effect of Ras V12 was almost entirely abolished. Increasing the U0126 concentration to 50 M resulted in a further increase in the HBV DNA replication level. Similar results were also obtained when HBV RNA was analyzed. As shown in Fig. 6B , the reduction in the HBV RNA levels by Ras V12 could be abolished by 25 M or 50 M U0126. Taken together, these results indicated that the suppressive effect of Ras V12 on HBV replication was mediated by the MAP kinase pathway.
DISCUSSION
Previous studies have demonstrated that the replication of HBV can be regulated by a variety of external stimuli, including hormones, growth factors, cytokines, and the cell cycle (5, 12, 14, 29, 30, 36) . However, the molecular mechanisms of these regulations are largely unknown. Ras is a GTP-binding protein that can be activated by a number of these external factors. In this study, we demonstrated that activated Ras suppresses HBV DNA replication in a dose-dependent manner ( Fig. 1 and 2A) . The suppression of HBV DNA replication by activated Ras was most likely the result of suppression of HBV RNA transcription, because the HBV RNA levels were substantially reduced by activated Ras in cells (Fig. 3) . The ability of activated Ras to regulate HBV gene transcription was confirmed by the reporter assays, in which Ras V12 was found to suppress the core promoter activity (Fig. 4) . In this reporter assay, Ras V12 suppressed the core promoter activity at most threefold, whereas in the Northern blot analysis it reduced the C RNA level approximately sevenfold. This difference in suppression may be caused by the differences in the two experimental systems. For example, in the reporter studies, subgenomic DNA fragments were used. It remains possible, however, that Ras V12 may also posttranscriptionally regulate HBV RNA, perhaps by enhancing its degradation.
In an attempt to identify the Ras-responsive elements in the HBV genome, we performed deletion-mapping experiments in the reporter studies. Our results revealed multiple responsive elements in the sequence upstream of the core promoter in the HBV genome (Fig. 4) . It is likely that activation of the MAP kinase pathway by Ras leads to modification of the transcription factors that bind to different regions of the HBV genome. Alternatively, it is also likely that a specific cofactor that binds to the basal core promoter is affected by this signaling pathway. In this case, the overall suppressive effect of this cofactor on the core promoter will likely be the sum of its interaction with the transcription factors binding to the upstream regions of the core promoter. This explains why sequential deletion of these upstream sequences led to successive reductions in core promoter activity (Fig. 4) . If this is indeed correct, then it is possible that the suppression of other HBV promoters is also mediated by a similar mechanism. An interesting finding is that the deletion of a sequence located between nucleotides 1688 and 1703 resulted in an approximately twofold increase in core promoter activity (Fig. 4) . This sequence corresponds to the B1 region of the ENII enhancer and is recognized by a liverspecific orphan nuclear receptor named hBIF (25) . It will be interesting to determine whether the activity of hBIF is affected by the activation of Ras.
The activation of Ras can lead to activation of the MAP kinase signaling pathway. This pathway is apparently responsible for the suppression of HBV replication, as blocking the activation of ERK1/2 by MEK1/2 with U0126 abolished the suppressive effects of Ras V12 on HBV replication (Fig. 6 ). Although the HBV X protein has no apparent effect on HBV replication in Huh7 cells (Fig. 1A) (4, 18, 23, 32) , it enhances HBV replication in HepG2 cells (Fig. 1B) (16, 28, 32) . Previous studies indicate that the X protein can activate the Ras-MAP kinase signaling pathway (2, 3, 21) . This activation was subsequently demonstrated to be mediated by the activation of Src (17) , which was further found to be activated by the release of Ca 2ϩ triggered by the X protein (6) . Interestingly, the activation of Src but not the Ras-MAP kinase pathway was found to be responsible for the enhancement of HBV replication in HepG2 cells. Our results extend these previous findings and indicate that activation of the Ras-MAP kinase pathway can in fact have a suppressive effect on HBV replication. It remains to be determined why the simultaneous activation of Src and Ras by the X protein leads to the enhancement of HBV replication (Fig. 1B) (16, 32) . It is likely that the plural effects of Src and Ca 2ϩ diminish the suppressive effect of activated Ras on HBV replication, and therefore only the positive effect of Src and Ca 2ϩ was observed. Alternatively, it is also possible that the modest activation of the Ras-MAP kinase pathway by the X protein renders the suppressive effect of Ras unapparent (16, 17) . This second possibility is supported by our observation that dominant negative Ras A15 , which interferes with the activities of activated Ras, had only a marginal enhancing effect on HBV DNA replication (Fig. 2B) . It is conceivable that, in the presence of a strong external stimulus for Ras such as insulin, the suppressive effect of Ras will override the enhancing effect of Src and Ca 2ϩ and lead to the reduction of HBV replication (10, 12) (Fig. 1B) . Further research in this area will certainly generate interesting results for understanding the interplay of different signaling pathways in HBV replication.
